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SUMMARY

A flight-test investlgation has been made on the Langley control-
line facllity to determine the longlitudinal stability and control char-
acteristics of a model of a propeller-driven tail-sitter-type vertical-
take-off alrplane with delta wing during raepid transitions from hovering
flight to forward flight and back to hovering. The control-line facility
provides for the flying of models in a large-diameter circle by means of
a control-line technique similar to that used by model-airplane enthu-
siasts. The present investigatlion showed that the facility was generally
satisfactory for investigeting the characteristics of vertical-teke-off
models during rapid transitions. It was found that rapid transitions
from hovering flight to forward flight could be performed fairly easily,
but precise longitudinael control was necessary to perform the transltions
smoothly. The transitions from forward flight to hovering flight were
more difficult to perform because there was a greater varlistion of power
settings which require closer coordination of the power and pitch comtbrol.

INTRODUCTION

During the past several years the lLangley full-scale tunnel has
been used for making transition-flight tests of vertical-take-off air-
plane models. (For example, see refs. 1, 2, and 3.) The maximum rate
of transition for these tests, however, has been relatively low because
of the slow rete of change of airspeed in the tumnel. As a result of
the need for making much faster transitions, the Langley control-line
facility has been developed. This report covers the results of some of
the first tests made with this facility in an investigation to determine
the longitudinal stability and control characteristics of a propeller-
driven tail-sitter-type vertical-take-off model during rapid transitions.
Because this report is the first to present results obbtained with the
control-line facility, a detailed description of the facllity and 1ts
operation is presented.
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The investigetion consisted of essentially constant-altitude rapid
transitions from hovering flight to normal, unstalled, forward flight
and from normal, unstalled, forward flight to hovering. The results are
presented In the form of time histories of the motions of the model
obtained from motion-picture records of the flights and from comments
based on observatlons of the stablility and control characteristics of
the model. )

APPARATUS

The investigation was conducted on the Langley control-line facility
1llustrated in figure 1. Thls facility combines the free-flying-model
technique with the control-line technique developed by model-airplane
enthusiasts in which tethered models are flown in a large cilrcle. The
facllity provides a relatively simple means. of studying the longitudinal
stabllity and control characteristics of vertical-take-off configurations
In either slow or fast transitions from hovering flight to normal,
unstalled, forward flight and back to hovering. It may alsc be used to
study the longitudinal stabllity and control characteristics of conven-
tional alrplane configurations in normal, forward flight.

Basically, the control-line technique consists of flying a seml-
restrained model in & circular flight path. The restraint is provided
by wires from the model to the center of the circle which oppose the
centrifugal force on the circling model. In order to keep the wires
taut in hovering flight of vertical-take-off models (where there is no
centrifugal force), the models are flown with the resuwltant thrust wvector
tilted slightly outward from the center of the circle. With use of the
control-line technique, only longitudinal stability and control charac-
teristicse can be studied becsuse the other phases of the model motions
are at least partly restrained.

The control-line facility shown In figure 1 consists essentially of
a standard crane wlth its’ circular track mounted on concrete pillars. The
crane is in the center of a 130-foot-dlameter concrete circle which is
located in a wooded eree that serves as a windbreak and permits testing
even on fairly windy deys. The crane, which has a standard-four-speed
transmlission, can be rotated in elther direction at speeds up to 20 revo-
lutions per minute and can accelerate from a standing stert to top speed
in approximately one-fourth of a revolutlon. In eddition to having this
Tapid scceleration, the crané can also be rotated smoothly and accurately
so that vertical-take-off models can be followed closely even in rapid
transltions. In order to provide control stations for the model-controls
operator, safety-cable operator, model-power operator, and crane opersator,
' the stendard cab on the right side of the crane was enlerged and & dupli-.
cate cab was added to the left side of the crane.
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The arrangement of the overhead safety cable and power and control
cables is the same as that used in the free-flying-model technique des-
cribed in references 1 and 2. The power and safety cable is attached to
a pulley which runs on a curved steel rod from the nose to a point near
the center of gravity as the model goes from hovering flight to forward
flight. With this setup the line of action of the drag of the flight
cable passes approximately through the center of gravity of the model and
does not cause large pltching moments when the model is in forward flight.
The support for the overhead cable is provided by a spscial jib attached
1o the vertical boom. The point of attachment of the overhead cable at
the end of the Jjib is about 30 feet above the ground and 50 feet from the
center of the clrcle. The safety cable is led from the model through the
Jib and down the boom to the safety-cable operator in the cab of the
crane. (See fig. 1.)

Two control lines run from an attachment on the left side of the
model at the locatlion of the center of gravity to attachments on the
vertical boom about 15 feet above the ground. Differential movement of
these two lines was used to vary the position of the longitudinal-control
surfaces (elevons) of the model. The model-controls operator had two
control sticks which were used simultaneously to perform transitions. A
left-hand stick which produced elevon trim proportional to stick position
was used for relatively slow changes in trim setting; whereas, a right-
hand stick operated a flicker-type (full-on or off) system which pro-
vided repid up or down control movement from this trim setting.

In an alternate arrangement (not used in these tests), the model is
controlled by actuators in the model that are identical to those used in
the free-flying models described in reference 1, and the two control lines
are replaced by a single restraining line that opposes the centrifugal
force of the model. The restraining line is attached to the boom by a
device which automatically keeps the line horilzontal regardless of the
height at which the model is flying. This device consists of a vertical
track instelled on the boom and a small motor-driven carriage to which
the restraining line is attached. When the restraining line is not hori-
zontal, it operates a switch to an electric motor which runs the carriage
up or down the track to make the Iline horizontal again. In this system
a small amount of dead spot was used to prevent the carriage from over-
shooting and "hunting.”" The purpose of this device is to minimize the
effective static stability of height which results from centrifugal force.
That is, with a fixed attachment point of the restraining line on the
boom, the centrifugal force acting on the model tends to make it fly at
the same helght as the sttachment point. With this device, which auto-
matically keeps the restraining line horizontal, models can be taken off
the ground and flown at any height up to approximately 30 feet without
experiencing an appreciasble effect of this type.
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The present Investigation was conducted before the installation
of the device which automatically keeps the restraining line horizontal.
This investigation, therefore, served as a means for evaluating the
effects of centrifugal force with a fixed attachment polint.

TESTING TECHNIQUE

Before a transltion test 1s begun in which the control-line facility
is used, a vertical-take-off model is trimmed for steady hovering flight.
Then, the model-controls operator operates the model controls in order
to perform the transition to forward flight at any desired rate while the
model-power operator adjusts the model power in order to maintain the
desired altitude (usually 15 feet above the ground). In a variation of
this technigue, the power operator maintains essentlally hovering power
and the model-controls operator performs the transition at a rate which
results in the model maintaining constent altitude. The crane operator
rotates the crane so that the end of the Jjib 1s above the model at all
times. It should be emphaesized that the control movements made by the
mocdel-controls operator determine the desired flight speed of the model;
the crane merely follows the model and, thus, it has virtually no effect
on the model motions. In order to complete the transition tests, the
reverse transition from normel, unstalled, forward flight to hovering is
made and the model leands.

MODEL

A photograph of the model is shown In flgure 2 and a sketch showing
gsome of the more important dimensions is shown in figure 3. The model
was assumed to represent a 0.l3-scale model of a vertical-take-off fighter
airplane. It had a delta wing and ‘delta vertical-tell surfaces mounted
symmetrically above and below the fuselage and was powered by a
5-horsepower varisble-frequency electric motor driving an eight-blade
counterrotating flxed-pitch propeller (two four-blade elements in tan-
dem). Differentisl movement of the control. lines operated a mechanical
linksge in the model which actuated the elevon surfaces. The maximum
deflections of the elevons were 30° up and 20° down. The center of
gravity was at the 0.15 me&n-aerodynamic-chord position and was at the
0.02 mean-serodynamlc-chord position above the thrust line. Geometric
characteristics are presented in detail in table I.
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RESULTS AND DISCUSSION

Transition From Hovering Flight to Forward Flight

In general, rapld transitlons from hovering f£light to normal,
unstalled, forward flight could be made fairly easily but precise longi-
tudinal control was necessary to make the transitions smoothly. Time
histories of three typical transition tests are shown in figure 4. No
attempt was made to perform these transitions in exactly the same manner
but, since the same general technique was used in all cases, the data
appear to be generally similar. In general, the transitions from hov-
ering £flight down to an angle of pitch of 30° were made fairly repidly,
and the further decrease down to 20° was more gradual. The time required
to perform the transition down to an angle of pitch of 30° was spproxi-
mately 9 seconds for the model or 25 seconds for the full-scale airplane.
Based on the experience gained in these tests, it is believed that the
transitions could have been made much more rapidly than those shown in
figure 4, but no attempt was made during this investigation to perform
the transitions as rapldly as possible.

A comparison of transitions made on the control-line facllity with
those made in the Langley full-scale tunnel is shown in figure 5. Since
the only available record from the full-scale-tunnel tests started at an
angle of pitch of 80°, the record from the control-line facility is
started at the same angle to permit a direct comparison of the date. It
is readlly apparent from this comparison that the transitions on the
control-line facility are much faster than those in the full-scale tunnel.

The transitions made on the control-line facility are not particu-
larly smooth as can be seen by the data of figure 4. This lack of smooth-
ness is attributed to two factors. First, the control system involved a
flicker-type control movement which inherently leads to somewhat more
erratic flight than does proportional control. Second, it was difficult
during these rapid transitions to position the longitudinal-control sur-
face (elevon) with sufficient accuracy to provide the exact setting
required for longitudinal trim for each airspeed. An elevon setting of
approximately 7° down was required for trim in hovering flight. In order
to inltiate the transition, the elevon deflection was increased in the
down direction and, then, after the model had gained some speed, an upward
elevon movement was started so that, when the model reached an angle of
pitch of about 30°, the elevon would be at approximately the correct posi~
tion for longitudinal trim (about 15° or 20° up) for this angle of attack.
Then, to obtain higher speeds, the elevon was again moved downward.

During the transitions, it was necessary to change the elevon trim pre-
cisely, because 1f the large, down, elevon setting were not removed
quickly enough, the model would be forced into an extremely high-speed
condition; and, 1if the setting were removed too quickly, the model would



6 NACA TN 4070

in some cases asctually return to hovering flight. The force-test data
1llustrating these changes in trim are given in flgure 6. Although these
data are strictly spplicable only to steady-flight conditions, they do
provide an indication of the changes in trim during accelerating flight.
The data show that down elevon 1ls required for hovering and, as the speed
builds up to approximately 5 knots, more use of down elevon 1ls requlred.
There 1s, thus, a region between about 5 and 28 knots where stick-position
instaebility occurs so that trim is obtained with progressively higher
elevon settings as the speed increases. Above a speed of 28 knots, stick-
position stebility is again present and down elevon is required for trim
at hilgher speeds. .
In figure 6 an Iinstability of angle of attack (positive value of
the varilation of pitching moment with angle of attack aMY/am) over the

low speed range can be seen. This instability was not evident in the
control-line tests, apparently because the lnstabllity was small end
because the model was accelerated through this speed range at a rather
rapid rate. Even in tests in the full-scale tunnel where the same model
was flown slowly through this speed range, the instabllity of the angle
of attack was not apparent. : -

The date of figure 4 and other data from these tests have been used
40 obtain an average curve of the variation of angle of piltch with veloc-
ity in figure 7. For comparison, an average curve based on slow transi-
tione in the full-scale tunnel (essentially steady flight) is also pre-
sented. The data show that for a glven airspeed the angle of pitch was
less for the fast transitions than for the slow transitions. For example,
at an airspeed of 20 knots the angle of pitch was about 45© for the slow
transitions end was about 35° for the rapid transitions.

The problem of power control durlng transitions was not very great
because hovering power was essentlally maintained during the transition.
In slow transitions of the model in the full-scale tunnel 1t was neces-
sary to reduce power as the model started into forward flight, and at
some falrly slow forward speed minimum power was required; as the speed
was Increased sbove this value, it was necessary to increase power until
at a higher speed the power required was again equal to hovering power.
In repid transitions on the control-line facility, the excess thrust
required for accelerating flight at constant altitude was obtalned by
maintaining hovering thrust at the low forward speeds where considerably
less than hovering thrust was sufficient for steady trimmed f£light.

Transition From Forward Flight to Hovering Flight

Rapid transitions from forward flight to hovering flight were not
as easy to make as transitions from hovering flight to forward flight
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primarily because of the increased difficulty in controlling power. Time
histories of some typical transitions from forwerd flight to hovering
flight are shown in figure 8. In general, these dats appear to be simi-
lar to those of figure 4 in that the motions are not very smooth. In
these transitions the angle of pitch wae changed rather slowly up to
approximately 40° in order to keep from gaining altitude during the ini-
tial portion of the deceleration, and then the transition to hovering
flight was completed mich more rapidly. No attempt was made to perform
the transition as rapidly as possible; but it does appear from the data
of figure'S, for the most rapid transition obtained, that the transitions
from an angle of pitch of 30° to hovering flight could be msde in about
7 seconds for the model (approximstely 20 seconds for the -full-scale

alrplane).

The technigue for performing the transition from forward f£flight to
hovering flight was somewhat different from that for performing the tran-
sition from hovering flight to forward flight. In order to start the
transition, a decelerating force was produced by trimming the model to
a higher angle of pitch than that required for steady trimmed flight at
a given airspeed. Rather large upwerd elevon deflections were required
to accomplish this deceleration. Upward deflections were maintalned until
the model reached angles of pitch well beyond 90° so that rapid decele-
ration to zero forward speed could be obtained. As the forward motion
stopped, it was necessary to apply the down elevon trim for hovering
flight very quickly and precisely in order to continue in steady trimmed
hovering flight at the polnt where the model stopped.

As the angle of pitch Increased and the alrspeed decreased in the
transition, it was necessary to decrease power progressively to a very
low value and then to increase power very quickly to that required for
hovering as the airspeed approached zero. In this case, power control
was used primerily to maintain constant altitude, whereas in transitions
from hovering to forward f£llght the power was held approximately con-
stant and elevon control was used to maintaln constant altitude. Pre-
cise control and close coordination of the elevon and power were required
to perform trensitions from forwsrd flight to hovering f£flight without
galning or losing altitude. The most critical phase of the transition
was near the end when large and rapid changes In elevon and power settings
were required.

The data of figure 8 and other similasr data obbtained in trensitions
from forward flight to hovering flight have been used to obtain an aver-
age curve of the verlation of angle of pitch with airspeed shown in fig-
ure 9. Also presented in this plot are two curves from figure T for
comparison purposes. The data show that at an airspeed of 20 knots the
angle of pitch was 35° for transitions from hovering to forward flight
and was 61° for transitions from forwsrd flight to hovering.
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Evaluation of Control-Lirne Technique

In general, the control-line facllity proved to be satisfactory for

investigating the characteristics of vertical-take-off models during
rapld transitions. The transitions could be made much more rapldly than
transitions in the full-scale tunnel and &t a rate that more closely
duplicated the probable rates of transition of full-scale airplanes.
It was found in these tests that the crane could be rotated rapidly and
smoothly enough for satisfactory following of the model in rapid transi-
tions. The crane operator attempted to keep the end of the Jib dlrectly
above the model at all times and he was able to do this with an error of
less than 3% feet. ~

The differential movement of the two control lines used to vary the
poslition of the elevon of the model did noét prove to be entlrely satis-
factory, because 1n hovering flight the control lines occasionally
slackened momentarily and caused the control of the model to become
erratic. As polnted out previously, this difficulty is eliminated in
a revised longitudinal-control.system now being used which provides for
the installation of pneumatic-control actuators in the models and for
a slngle restraining line that opposes centrifugal force.

In general, the effect of the restraining line (or lines) on the
longitudinal-stability and control data obtained with the control-line
facility appeared to be acceptably small. As previously discussed, the
restraint of the line tends to keep the model at the same altitude as
the point of attachment of the line on the boom (15 feet above the
ground), but this tendency was not great enough to prevent the pilot
from easily meneuvering the model for flight at varilous altitudes. This
effective stability of height slightly decreases both the period end” '
damping of the long-period longitudinal oscillation but does not appre-
ciably affect the characteristics of the short-period oscillation. ' h
Although the effect of the restraining lines 4id not appear to be of
major importance, these effects will be eliminsted in future tests by
use of the device described in the section entitled "Apparatus' which
makes provision for automatically moving the attachment point of the
line on the boom as the model moves up and down. Ancther reason this
device has been installed is that it will permit take-offs and landings
to be made without any spprecisble effect of restralning lines on the
model. - :

CONCLUSIONS

The following concluslons were drawn from the results of a fllight-
test investigation of a model of a propeller-driven tail-sitter-type
vertical-take-off airplane with delta wing during rapld transitions on
the Langley control-line facility:

k
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1. In general, the control-line facility proved to be satisfactory
for investigating the characterlstics of vertical-taeke-off models during
» rapid transitions.

2. Transitions could be made on the control-line facllity much more
raepldly thaen transitions in the Langley full-scale tumnel and at a rate
that more closely duplicated the rate of transition of full-scale
airplanes. '

3. Transitions from hovering flight to forward flight could be per-
formed falrly easily bubt precise longitudinel control was necessaxry to
make the transitions smoothly.

k. Transitions from farwerd flight to hovering were more difficult
1o perform becsuse tThere was a greater varlation of power settings which
required closer coordination of the power and pltch control.

Langley Aeronautical Laboratory,
National Advisory Cammittee for Aeronsutics,
- Langley Field, Va., May 20, 195T7.
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TABLE I.- GEOMETRIC CHARACTERISTICS OF MODEL

Weight, 1b . .

Moment of inertie about body Y-axis, Iy,

Wing (modified delta plan form):
Sweepback of leading edge, deg .

NACA sirfoil section . . . . . . .
Aspect ratio . e e e 8 e o u
Taper ratio . . « e e e
Area (total to center line), sq in.
Span, in. . . « o e e

Mean aerodynamic chord in e s e e
Spen of elevon (each), in. .
Chord of elevon, in. . . ..
Dihedrel angle, deg . . . . .

Overall length of model, in.

Fuselage length, in.

Vertical tails (modified delta plan form)

Sweepback of leading edge, deg .

NACA sirfoll section . . « « « « o .
Aspect ratio . . . . . . o . .
Taper ratio .« .

Areea (total to center line), sq in
Spen, in. . . . .« oo

Mean aerodynamic chord in .

Span of top rudder, in. . . . . .
Span of bottom rudder, in. . . . .
Chord of rudders, in. . « .

Propellers (eight-blade counterrotating)

Diameter, in. . .

Hamilton Standard de51gn . . e s e
Solidity (one blade) e e e e e ..
Gep, in. . . . e v 4 e e e e

slug-ft°

: : : : : : : Modified 63-009

NACA TN LOTO

e .. Modified 63-009

. 35.00
. 0.93
55

1.90

. 0.188
. 818.95
. 39.49
. 23,94
15.37
2.92

. 0
49 .40

. 45,40
40

. 3,18
. 0.318
. 379.88
. 34,73
. 13.07
. 14.13%
. 11.13
. 2.85
. 23.85
3155-6-1.5
. 0.0475
3.00
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L-72580
Figure 2.~ Photograph of delta-wing vertical-take-off model.
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Rapid transitions on controtHine facility
———— Slow transitionsin fulkscale tunnel

Angle of pitch,8,deg

o) 10 20 30 40 50
Airspeed, knots

Figure 7.- Variation of angle of pitch with airspeed during transitions
from hovering flight to forward flight.
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Rapid transitions onthe controHine facility

from hovering to forward flight
———— Slow transihons in fulkscale tunnel from

100 — hovering to forward flight
————-— Rapid transthions on the controHine facility

from forward fliight to hovering

Angle of pitch,8,deg

10—

0] IO 20 30 40 50
) Airspeed, knots

Figure 9.- Varlation of angle of pitch with asirspeed during transitions
from hovering flight to forward flight eand from forward flight to hov-

ering flight.

NACA - Langley Field, Va.



